T here has been a dramatic increase in the prevalence of serious infections caused by antibiotic-resistant bacteria (1) . As a consequence, many patients may receive empiric antibiotic therapy with agents to which the infecting organisms are resistant. This may lead to alteration of the initial empiric therapy, prolonged hospitalization and increased costs. Further, many of the broad-spectrum antibiotics that do not show high levels of resistance are associated with frequent or serious side effects.
Cefepime, a fourth generation parenteral cephalosporin with broad antibacterial activity, is classified as an extended broad-spectrum cephalosporin (2) . Cefepime can be used for a variety of infections, including community-acquired and nosocomial pneumonia, bacteremia/septicemia, complicated and uncomplicated urinary tract infections, complicated skin and skin structure infections, intra-abdominal infections and certain gynecological infections (2) . The use of cefepime in nosocomial infections may be especially advantageous because of the low incidence of cefepime-resistant organisms (3, 4) . Compared with many older cephalosporins, cefepime has increased activity against Gram-positive organisms, higher affinity for multiple penicillin-binding proteins and greater resistance to beta-lactamases (2) . Few side effects beyond gastrointestinal disturbances have been reported (3, 5) .
Limited health care resources and concern over containing hospital costs have caused decision makers to call increasingly for cost effectiveness studies of new medications. A clinical decision analysis model to examine the costs and outcomes associated with cefepime therapy compared with therapy with alternative parenteral antibiotics in Canada was developed. The design of and results from this model are described below.
METHODS
The cefepime decision analysis model compares the costs and outcomes of cefepime with those of ceftazidime, ceftriaxone, cefotaxime and ciprofloxacin (intravenous) in treating five types of nosocomial or complicated infections: lower respiratory tract infections (LRTI), predominantly pneumonia; septicemia; urinary tract infections (UTI), predominantly pyelonephritis; skin/soft tissue infections; and febrile neutropenia. It models the most efficient manner to treat patients (ie, which starting regimen results in the shortest length of stay, fewest adverse events and lowest cost) based on specified initial parameters for clinical outcomes and medical resource utilization.
A basic assumption of this model is that the initial choice of antibiotic (among the five compared here) will not significantly influence mortality. However, therapy with certain antibiotics may initially lead to greater clinical efficiency, such as more rapid patient improvement or less need to alter medications, than therapy with other antibiotics. Therefore, while overall mortality is assumed to be identical among the different initial antibiotics, intermediate model outcomes, such as the percentage of patients with known resistance, the percentage showing sufficient clinical improvement and the percentage experiencing adverse drug events, will be different for each starting medication. These differences result in variations in required length of hospitalization, treatment regimens and overall costs.
In the model (Figure 1 ), patients start therapy with one of the above five antibiotics as initial empiric treatment. On day 2, patients' bacterial culture and sensitivity results as well as their clinical status are evaluated. Patients are then placed into one of two categories: those showing sufficient clinical improvement who remain on their initial monotherapy; or those requiring alternative or additional antibiotics due to resistant organisms or lack of clinical improvement. Patients requiring additional or alternative therapy remain hospitalized for an extended period (Table 1) . At day 4, the model evaluates patients requiring treatment for or a switch in medication due to adverse drug events (ADEs). Patients switching to alternative therapy on day 4 because of ADEs require hospitalization for an additional period (Table 1) .
Baseline length of hospitalization for all conditions except febrile neutropenia was obtained from the 1993-94 Canadian Institute for Health Information database (Hay Healthcare Consulting Group, Toronto). These values represent averages for Metro Toronto hospitals. The value for length of hospital stay for febrile neutropenia was taken from Tomiak et al (6) . Length of hospitalization for each clinical conditions associated with different model outcomes is presented in Table 1 .
Information for the model parameter values and treatment patterns was obtained from results of clinical trials carried out by Bristol-Myers Squibb, the available medical literature and communications with Canadian infectious disease practitioners. To the greatest extent possible, the model was based on information from documented sources (published or unpublished literature); expert opinion was used only when needed information could not be otherwise obtained. Model parameters obtained from the published sources or databases included cost and dosing of antibiotics; other health care costs (eg, cost per hospital day); incidence of bacterial resistance; probability of obtaining definitive bacterial cultures; probability of clinical improvement; incidence and type of adverse drug events; and baseline length of hospitalization.
The initial model parameters were the probability of definitive bacterial resistance and the probability (among patients with sensitive or unknown organisms) of clinical improvement ( Figure 1 ). Definitive bacterial resistance was defined as the probability of the infecting organism being resistant to the selected antibiotic multiplied by the probability that culture types d'infection et représente le traitement le moins coûteux pour ce qui est de la moyenne pondérée. L'analyse de sensibilité indique que les résultats du modèle sont les plus sensibles pour ce qui est de la durée d'hospitalisation. CONCLUSIONS : La monothérapie empirique initiale au moyen de céfépime dans les cas de graves infections peut entraîner une économie si on la compare avec d'autres agents administrés par voie parentérale. results identify the infectious organism. The likelihood of obtaining definitive culture results (cultures that isolated the causative organism) varied for each of the five infectious disease conditions. The probability of obtaining definitive culture results was assumed to be 100% for UTI and septicemia because these conditions are defined by the presence of identified bacteria. For the other infectious diseases, the probability of obtaining definitive culture and sensitivity results was based on the meta-analysis of the studies used to estimate the likelihood of clinical improvement. From this analysis, it was estimated that definitive culture results were obtained in 52.4% of LRTI, 70.6% of skin and soft tissue infections and 40.2% of febrile neutropenia.
The probability of having a resistant organism was determined from the frequency distribution of bacteria causing each condition and the resistance of the causative organisms to each antibiotic. For all infectious conditions except febrile neutropenia, bacterial frequency distributions were based on values from the National Nosocomial Infection Surveillance (NNIS) system, conducted by the Centers for Disease Control and Prevention, Altanta, Georgia (7). As NNIS system data do not include febrile neutropenia, bacterial frequency distributions for this condition were derived from Carlisle et al (8) .
The likelihood of a bacterial species showing resistance to one of the selected antibiotics was derived from Canadian data whenever possible. A majority of values were derived from Scriver et al (9) . Bacterial resistance for Gram-negative organisms not included in this study was derived from Chamberland et al (10) . Canadian resistance figures for Gram-positive and anaerobic organisms for the antibiotics under study were not available; therefore, American data from Jones et al (11), Murray et al (12) , Neu (13) , and Washington et al (14) were used. It should be noted that various studies were used to estimate bacterial resistance because no single published report compares the resistance of all the organisms with all of the antibiotics under study.
Bacterial resistance for any selected infectious disease condition and antibiotic combination was determined by the product of the frequency of bacteria causing the condition and the resistance of each causative bacteria to the antibiotic. For example, Staphylococcus aureus were responsible for 17.3% of LRTI, and 21.0% of S aureus showed resistance to cefepime. Therefore, S aureus contributed 0.173 times 0.210 or 3.6% resistance to cefepime in LRTI. These product terms were summed over all causative organisms to produce the net estimated resistance for each infectious disease and antibiotic combination. Bacterial resistance values are presented in Table 2 .
If bacterial cultures indicated organisms resistant to the initial empirical antibiotic therapy, patients were switched to alternative therapy. If culture results showed sensitive organisms or were ambiguous, the patient's clinical improvement was evaluated. The likelihood of patients showing clinical improvement on cefepime or ceftazidime for each infectious disease except febrile neutropenia was based on data from the Cefepime New Drug Application database (US Food and Drug Administration submission 50-679). The database contained information on 991 cefepime patients and 672 ceftazidime patients.
For the other three antibiotics in each of the infectious disease conditions and for cefepime and ceftazidime used to treat febrile neutropenia, the likelihood of clinical improvement was based on meta-analysis results from published studies. Relevant literature was located through automated bibliographic databases, review of references from identified articles and suggestions by the clinical experts involved in this study. All identified reports were evaluated in terms of quality and appropriateness of research methodology, and only those findings from scientifically credible studies were included. These were published studies which specified study inclusion and exclusion criteria; defined the treatment protocols, types of infections and outcome measures; and accounted for all patients entering the study. Study design was a mixture of randomized trials and nonrandomized case series reports.
In evaluating the likelihood of clinical improvement, the following criteria were used to select published studies for meta-analysis: studies reporting monotherapy for each of the selected infectious disease conditions; all patients with known A total of 49 publications were used, involving 4396 patients or episodes (febrile neutropenia was generally reported in terms of episodes while other infectious conditions were reported in terms of patients, each having a single episode). Random effects meta-analysis (15) was used to provide a more accurate estimate of the impact of antibiotic therapy on all patients, not just patients included in the studies; this technique produces estimates that can be generalized more readily.
Clinical improvement likelihood values used in the model are presented in Table 3 . These values are not the overall effectiveness of each antibiotic for each condition, but represent the likelihood of patients infected with susceptible organisms experiencing a clinical cure.
Patients remaining on their initial antibiotic (either alone or combined with additional therapy) may experience treatment-related ADEs. The probabilities of ADEs due to cefepime or ceftazidime are based on values from the cefepime NDA database; probabilities of ADEs due to cefotaxime, ceftriaxone or ciprofloxacin are based on weighted averages from the studies included in the clinical effectiveness meta-analysis. Table 4 provides information on antibiotic dosing. Dosing information was derived from the Cefepime NDA database or from median values of doses used in the articles included in the clinical effectiveness meta-analysis. While these dosages represent the median values used in published studies, they may not reflect the most common current clinical practices (eg, ciprofloxacin 200 to 300 mg intravenously every 12 h was used in the model for febrile neutropenia and septicemia rather than 400 mg intravenously every 12 h).
Costs used in the model are presented in Table 5 . Medication costs were based on Canadian hospital acquisition prices. Costs for medical tests (cultures and antibiotic sensitivities) were obtained from the Ontario Medical Association 1992 Schedule of Fees (16), while daily hospital costs were obtained from Statistics Canada (17) . Costs for preparation and administration of intravenous medications were obtained from Dranitsaris et al (18) . All costs used in the model are in 1994 Canadian dollars.
A number of sensitivity analyses were conducted to evaluate the robustness of the model, its underlying assumptions and estimates of critical model parameters. In these analyses, attention focused on determining the effects of changing the value of estimates where there is considerable uncertainty.
Three university-based Canadian infectious disease consultants provided input regarding alternative and additional treatment regimens following detection of resistance or lack or clinical effectiveness, including length of therapy and treatment patterns for adverse drug events, type of treatment and likelihood of withdrawal from the inducing medication. Choice of alternative antibiotic therapies was based on consensus recommendations by the clinical consultants; while these may not represent the choice of second-line therapy in all cases, they serve as illustrative examples of likely alternative choices. It is not possible to include all possible agents that may be used for second-line therapy. Expert opinion was only used when no generalizable data were available to describe general treatment patterns. Without parameters based on expert opinion, it would not have been possible to model the costs and outcomes associated with parenteral antibiotic therapy. 
RESULTS
Results from the base case model are presented in Tables 6  and 7 . These tables present the average cost per patient treated empirically with a single initial antibiotic for a specified disease condition. The average costs consist of the costs associated with both successes and failures, including costs of bacterial resistance, lack of clinical improvement and ADE. In Table 6 , costs from the LRTI model are broken into five categories. Hospitalization costs refer to the cumulative hospital charges. Medication costs include those for antibiotics, including initial therapy, alternative therapy and additional therapy. ADEs costs represent the average cost per patient associated with adverse events, including both treatment and sequelae; in other words, this category contains the average costs associated with hospitalization following change of therapy due to ADEs and excess treatment costs for superinfection and pseudomembranous colitis, when appropriate. Costs for bacterial culture and sensitively were identical among the different therapies within an infectious disease because all patients had a single culture and sensitivity assay at the start of therapy. Numbers in parentheses represent the marginal differences between costs for cefepime and each comparison antibiotic for that cost category. Average costs for the other infectious disease conditions are presented in Table 7 without the breakdown into cost categories.
Comparing the five infectious disease conditions, average costs can be ranked in order of baseline length of hospitalization. Costs for UTI were lowest, followed by LRTI and skin/soft tissue infections, septicemia and febrile neutropenia. The importance of length of hospitalization is further examined in the sensitivity analysis section. Table 8 presents values for an average infectious disease state, based on weighted costs across the five infectious disease models. Here, costs were weighted by the incidence of each of the five infectious disease conditions based on values from the 1993 Medical Marker Studies Limited audit of Canadian hospitals with 500 or more beds. The relative weights were LRTI 51%; UTI 17%; septicemia 22%; skin/soft tissue infections 16%; and febrile neutropenia 8%. In this average state, the baseline length of hospitalization was 5.8 days. Cefepime had the lowest cost per patient of all antibiotics compared. The average per patient cost of cefepime and ciprofloxacin was similar. The higher cost of ciprofloxacin, resulting from adverse events, was partially balanced by lower hospital costs (due to lower bacterial resistance, but partially offset by lower clinical effectiveness). Sensitivity analysis: Sensitivity analyses for LRTI and septicemia were performed. Patients with these conditions may undergo prolonged courses of therapy because of resistant organisms, resulting in greater use of medical resources and hence increased costs. While the sensitivity analyses focused on these two conditions, similar marginal changes would be observed using any of the infectious diseases. Sensitivity analyses were performed for a number of model parameters. Model costs: Sensitivity analysis results from changing model costs for LRTI and septicemia were very similar. Even a large change in the price of the initial antibiotic (doubling or halving the price) had relatively moderate impact on the total per patient costs (less than 12%), reflecting the relatively small proportion of costs made up by medication. In contrast, increasing or decreasing daily hospital costs by only 20% had a proportionally large impact on overall patient costs for all five antibiotics examined (16% to 18%). The impact of adding a charge for an infectious disease consultation, as would be the case in American hospitals whenever therapy was changed or ADEs occur, had little impact on the average costs (2%). Clinical parameters: Doubling or halving bacterial resistance had only a minor effect on per patient costs, ranging from 0% to 3%. Increasing or decreasing clinical effectiveness to the boundaries of the 90% confidence intervals also had a rela- Changing the baseline length of hospitalization by two days had the largest impact on average patient costs, with changes averaging 34% for LRTI and 31% for septicemia. ADEs rates: Sensitivity analysis results from modifying ADEs rates (doubling and halving these rates) show only a mild effect on per patient costs. This effect was fairly uniform across all antibiotics included in this study and was similar for LRTI and septicemia.
Threshold analysis:
As an additional sensitivity analysis, a threshold analysis was performed for cefepime compared with the other antibiotics in the mean (weighted) infectious disease state (as presented in Table 8 ). For this analysis the cost, bacterial resistance, clinical effectiveness or length of stay for cefepime were altered until the average per patient cost was identical to the comparator. Changes in the parameters necessary to reach this threshold are presented in Table 9 . The threshold analysis results for ceftazidime and cefotaxime were similar. For either, the cost per gram of cefepime ($14.70 in the base models) was nearly doubled before average patient costs were the same. In order for the average per patient costs associated with initial cefepime therapy to equal the corresponding cost for initial ceftazidime or cefotaxime therapy, bacterial resistance to cefepime had to increase by over 20% or the rate of clinical success using cefepime had to decrease by 15% to 16%. Examining the threshold for baseline length of hospitalization, patients initially receiving cefepime had to be hospitalized for at least an additional 0.26 days before average patient costs were the same.
Results for the threshold analysis of ceftriaxone are approximately double those of ceftazidime or cefotaxime. For cefepime costs to equal those of ceftriaxone, the unit cost of cefepime had to almost triple, the bacterial resistance to cefepime had to increase by over 45%, the clinical effectiveness of cefepime had to decrease by over 31% or baseline length of hospitalization had to increase by over one-half day per patient. Ciprofloxacin showed the least difference from cefepime. The unit cost of cefepime had to increase by about one third, the bacterial resistance had to increase by 8.5%, the clinical effectiveness had to decrease by 5.9% or baseline length of hospitalization had to increase by 0.1 days for average cefepime costs to equal those of ciprofloxacin.
DISCUSSION
This model has examined the costs and outcomes of cefepime, ceftazidime, cefotaxime, ceftriaxone and ciprofloxacin use in LRTI, UTI, skin/soft tissue infections, septicemia and febrile neutropenia. While we assumed that the eventual outcomes (cure versus death) would not be affected by the choice of initial empiric monotherapy, intermediate outcomes -likelihood of bacterial resistance, clinical failure, and/or adverse drug events -clearly are affected. Because these three outcomes influence patient treatment pathways and the length of hospitalization, they control overall hospitalization costs.
As seen in Table 6 , cefepime has the lowest average cost per patient as an initial therapy for LRTI. Combined with the impact of resistant organisms and adverse events on hospital stay, ceftazidime patients have a slightly lower mean length of hospitalization and, thus, lower hospital costs compared with cefepime patients.
However, this lower cost for ceftazidime was offset by higher costs for medication, ADE and intravenous supplies (cefepime is administered twice daily in LRTI while ceftazidime is administered three times daily).
For skin/soft tissue infections, use of cefepime as the initial empiric therapy again resulted in the lowest average per pa- Table 8 tient cost of any of the antibiotics included in this study. For UTI, cefepime had lower average cost than ceftazidime and ceftriaxone, but higher costs than ciprofloxacin and cefotaxime. The lower average cost of ciprofloxacin was due to the very low level of bacterial resistance to this drug in UTI (approximately one-sixth of cefepime), combined with a clinical effectiveness comparable with cefepime. Although this results in significantly lower hospitalization costs for ciprofloxacin, these decreased costs were partially offset by higher ADE costs. Lower medication costs, reflecting a 60% relative decrease in daily dose for cefotaxime compared with 25% for cefepime, and lower adverse events led to a slightly decreased total cost for cefotaxime compared with cefepime.
In the treatment of septicemia, compared with cefepime, ceftazidime and ceftriaxone had significantly higher costs while cefotaxime and ciprofloxacin had somewhat lower costs. The lower average costs for cefotaxime and ciprofloxacin were due to differences in medication costs (reflecting the higher dosing of cefepime for septicemia) and hospitalization costs (reflecting the lower bacterial resistance and higher clinical effectiveness of cefotaxime and ciprofloxacin).
The lower cost of cefotaxime was partially offset by a higher intravenous supply cost (reflecting four times daily dosing of cefotaxime compared with twice daily for cefepime); however, cefotaxime may alternatively be administered three times daily. The lower cost of ciprofloxacin was partially offset by a higher ADE cost.
For febrile neutropenia, initial therapy with cefepime resulted in less cost than starting therapy with ceftazidime or ciprofloxacin but more than with ceftriaxone or cefotaxime. The savings for cefotaxime were driven by lower medication and ADE costs; however, this savings was partially offset by greater hospitalization and intravenous supply costs. The lower cost of ceftriaxone was primarily because of lower costs for medication and intravenous supplies.
A number of assumptions were made in designing this model and performing the analysis. First, we assumed that each of the five medications would be used initially as monotherapy. This may not completely reflect 'real-world' practices, because some of the medications in certain disease conditions may be used initially in combination with other agents, such as aminoglycosides. However, it is reasonable to compare the costs and outcomes of each medication used (initially) alone because monotherapy is often a preferred therapeutic practice to decrease the risk of drug interactions and adverse events.
We also realized that some of the medications studied herein would not be used for certain indications (eg, ceftriaxone as initial therapy for febrile neutropenia). These scenarios were included to allow comprehensive comparisons of the medications under all modelled disease conditions. Further, a number of commonly used medications were not included in this model (eg, trimethoprim-sulfamethoxazole for UTI). Particularly in the cases of UTI and skin/soft tissue infections, the selected antibiotics may limit the usefulness of these results in clinical practice. However, we restricted the model to serious infections that required hospitalization and parenteral antibiotics. For these infections, the use of the broad-spectrum parenteral antibiotics included in the model is more appropriate initial therapy than many commonly used oral agents. Second, we assumed that patients would receive parenteral antibiotics throughout their hospitalization. It is possible that patients may receive parenteral therapy only until a successful response occurs, and then are switched to oral medications. While many studies have not reported a decrease in length of hospitalization caused by switching to oral therapy, a number of studies have shown such a decrease (19) (20) (21) . Because the number of days of hospitalization mainly drove the cost for patients in this model, changes in treatment patterns resulting in decreased length of hospital stay have a significant impact on total cost. It is unknown whether a stepdown to oral therapy will affect length of hospitalization in Canada. In any event, switching to oral therapy will have the same impact on length of hospitalization for all patients treated successfully with initial antibiotic therapy. Thus, the magnitude of difference in total cost between cefepime and alternative antibiotics will be generally similar to that presented here and will be even greater for certain model scenarios.
Finally, it is also important to note that we have not examined all possible medications likely to be used in the infectious diseases under study. Numerous other agents or agent combinations could have been included. However, the five agents included in this study are common choices for treating infectious diseases, and it is important to compare their relative costs and outcomes.
Using this model, cefepime has the lowest average cost per patient for two infectious disease states, LRTI and skin/soft tissue infections. Cefepime, cefotaxime and ciprofloxacin have similar average costs for UTI. For septicemia and febrile neutropenia, cefepime costs range from $92 to $168 more than the least expensive antibiotic. The relative cost efficiency of cefepime can be attributed to cefepime's mix of low levels of bacterial resistance, a high rate of clinical efficacy and a favorable ADE profile, which results in shorter hospital stays and lower hospital costs.
Sensitivity analysis identified daily hospital cost and length of hospitalization as the main factors influencing patient costs in this model. We currently are unable to determine whether the baseline length of hospitalization (days in hospital with an optimal clinical course) is influenced by the choice of initial antibiotic therapy. Future research should examine this question to develop more accurate estimates of the comparative costs of therapy.
A previously published study (22) modelled the cost of therapy with cefepime versus ceftazidime for serious infectious diseases. The present study included a broader data set and additional comparator medications as well as treatment patterns and costs specific to Canada. Most importantly, our study separately examined the components of successful treatment with initial antibiotic therapy, bacterial resistance and clinical effectiveness. Explicitly evaluating the likelihood of observing resistant organisms based on the choice of initial empiric therapy is especially relevant, given the recent increases in multidrug-resistant bacteria. Differences in bacterial resistance are also seen in different geographic regions and different types of hospitals. Thus, bacterial resistance information specific to Canada produces results that are more useful for accurately determining the relative benefits of selected parenteral antibiotics. The flexibility of this model will allow users to incorporate resistance data as well as costs and clinical outcome probabilities from their own institutions to determine institution-specific total costs and outcomes of specific antibiotic treatment regimens.
